How are tactile sensations in the breast represented in the female and male brain? Using ultra high-36
Introduction

54
The question how our somatosensory experience is represented in the brain has received lots of 55 attention since the pioneering work of Penfield and colleagues several decades ago (Penfield and 56 Boldrey, 1937) . Tactile information of the body is mainly projected to the cortical neurons of the 57 primary somatosensory cortex (S1) located on the postcentral gyrus. In this brain region, the 58 representation of the body is mapped in a somatotopic arrangement, with cortically magnified 59 representations of more sensitive body parts (i.e., body parts with high receptor density such as the 60 tongue) (Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950) . This cortical map is visualized 61 as the iconic Homunculus, or "little man", displaying mere male physiology. Subsequent studies have 62 mainly focused on the organization of gender-neutral somatosensory representations, such as the hand 63 or face (Besle et al., 2014) . Only recently, an appeal was made to rectify this omission of female-64 specific anatomy and produce a "Hermunculus" (Di Noto et al., 2013) . Mapping the female breast and 65 reproductive organs is important, given that their somatosensory representations might be affected by 66 hormonal and physiological changes that spontaneously occur throughout reproductive life stages (e.g. 67 puberty, menopause) or are induced by diseases and accompanying treatments (e.g., mastectomy, 68 hysterectomy). More specifically, understanding the neuroplastic reorganization of the S1 breast area 69 after breast surgery could provide new insights into the extent of function recovery after nerve injury. The precise location of the S1 breast area, and the organizational principles within this area, 74 remain unclear. Here, we used ultra-high field Magnetic Resonance Imaging (MRI; 7 Tesla) to map 75 the S1 breast representation with submillimeter spatial resolution. Whereas the primary aim of this 76 study was to localize the breast area, we also examined the fine-grained organization of the nipple and 77 the four breast quadrants within this breast area by isolated vibrotactile stimulation of each of these 78 five breast segments. By using both univariate and multivariate analysis techniques, we address 79 various questions concerning the organization in the breast area, such as whether the breast area is 80 organized topographically. It has been shown that the digits in the hand area ( 2010). The present study aimed to establish whether breast segments are somatotopically organized in 85 a similar fashion. Moreover, we examined whether this organization is influenced by the distinctive 86 nerve supply of the nipple, the lateral side and the medial side of the breast. Furthermore, the high 87 spatial resolution of 7T fMRI permitted us to accurately determine whether the representation of the 88 nipple has a larger S1 representation than the breast quadrants. Finally, in the present mixed-gender 89 study we investigated the fine-scaled differences between the male and female cortical breast 90 representation. 91 92 6
Materials and Methods
94
Participants 95
Ten healthy females (mean age 25.6 years, range 22-28 years, mean BMI 21.0 kg/m 2 ; cup size B or C; 96 eight used hormonal contraception [oral medication n = 3; Intrauterine Device n = 5], two used no 97 contraception) and ten healthy males (mean age 27.3 years, range 25-34 years, mean BMI 22.3 kg/m 2 ) 98 participated in the study for which they received a monetary reimbursement. All participants gave 99 written informed consent according to a protocol approved by the local Medical Ethical Assessment 100 Committee (METC, Maastricht University Medical Center). The study was performed in accordance 101 with the ethical standards of the Declaration of Helsinki. Moreover, each of the participants met the 102 criteria for MRI safety, reported no history of somatosensory or motor disorders, and had normal 103 sensitivity for touch in their breasts. For one of the male subjects, only 3 instead of 6 runs were 104 collected due to technical problems. 105 106
Experimental design and procedure 107
Participants received vibrotactile stimulation of the four quadrants and the nipple areola of the right 108 breast ( Figure 1 ). Each piezo-electric stimulator consisted of a 0.8 mm-wide probe (1-2 mm 109 indentation during stimulation) attached to a piezoelectric bimorph wafer housed in a small ceramic 110 case (Piezotactile Stimulator PTS-C2, Dancer Design, UK), providing suprathreshold 150 Hz 111 mechanical vibration to a glabrous skin patch (0.8 mm diameter). Stimulus presentation was controlled 112
using Presentation 17.1 software. The somatosensory stimuli (16-bit sinuswaves; 48000hz) were 113 presented in blocks of 5.2s interleaved by periods of rest (10.4, 13.0, or 15.6 s, equal occurrence per 114 run) in which no stimulation occurred. To avoid a numbing sensation of the stimulated area, 500 ms 115 stimulation interruptions were included in blocks, except for a few blocks with continuous stimulation 116
(1-4 per run). To focus attention on tactile sensations, subjects silently counted the total occurrences of 117 these continuous blocks and reported the sum at the end of each run. Subjects were familiarized with 118 the vibrotactile stimulation, the task and fMRI procedures before the fMRI session. For each subject, 7 the MRI measurement comprised anatomical scans followed by 2 'breast localizer' runs, in which all 5 120 stimulators vibrated simultaneously (whole-breast stimulation). Then, 6 'breast segment' runs were 121 acquired, in which only one breast segment was stimulated per block (6 repetitions per condition per 122 run). Each of these functional runs started with a rest (non-stimulation) period, followed by 30 pairs of 123 stimulation and rest blocks. Conditions in the breast segment runs were presented in pseudo-random 124 order, with the constraints that stimulation without interruptions, and stimulation of the same site, 125
were not directly repeated. mm2; GRAPPA factor = 2; left-right phase encoding direction) were positioned to cover the brain 153 regions of interest bilaterally (S1, S2 insula; Figure S1 ). Two additional functional volumes with 154 opposite phase-encoding direction (left -right) were acquired to estimate and correct the 155 susceptibility-induced off-resonance field in the corresponding functional images. 156 157
Data analyses 158
Anatomical datasets were resampled to 0.4×0.4×0.4 mm 3 -resolution, preprocessed, and transformed to 159 
Probabilistic mapping of somatosensory breast regions 174
For each participant, a whole-brain GLM map was created that contrasted breast stimulation to 175 baseline (no stimulation) in all runs (2 localizer runs and 6 experimental runs). The GLM was based 9 on 5 box-car predictors (the four breast quadrants and nipple) convolved with a two-gamma 177 hemodynamic response function (HRF). The resulting maps were sampled to the individual subjects' 178 vertex-based surface (integrated in depth along the vertex normals from -1.0 mm to 3.0 mm using 179 linear interpolation), and subsequently transformed to the group-aligned surface space. In this space, 180 the individual contrast maps were overlaid and thresholded at 50%, to ensure that only vertices were 181 included that were significantly activated in at least half of the participants. Although probabilistic 182 maps were based on single-subject statistical thresholds which in turn can affect the group map, this 183 approach allows us to determine a representative cortical location for S1 with reduced influence of 184 differences in individual effect sizes. 185 186
Region-of-interest analyses: bilateral primary somatosensory cortex 187
The breast representation in bilateral S1 was localized for each individual subject using standard 188 localizer methods (see Supplementary Material for details). Subsequently, these S1 Regions-Of-189
Interest (ROI) were subjected to various types of analyses (briefly explained below, for further details 190 see Supplementary Material employing a mixed-design with hemisphere and stimulation condition as 191 within-subject factors and gender as between-subject factor). 192 193
GLM and Multivariate analyses 194
First, we examined how subject-specific left and right S1 representations of the whole-breast were 195 influenced by gender and stimulation condition. To this end, mean S1 activity was analyzed in a 196 random effects (RFX) GLM, using the four quadrants and the nipple as regressors. Moreover, we also 197 looked at the univariate effects after collapsing the quadrants into medial/lateral and upper/lower 198 segments. To this end, we grouped together the corresponding quadrant regressors in the RFX GLM. 199 Second, we investigated the fine-scale organization of breast segments within the S1 breast 211 representation, by assessing the 'response selectivity profile' of each S1 voxel (Reithler et al., 2017) . 
where µ i is the mean single-trial response to condition i, σ i the corresponding across-trial standard 219 deviation and N=4 (i.e., number of conditions minus 1) (Jacques et al., 2016). Missing values of a 220 single participant's right S1 were replaced with condition-specific medians. Voxel response selectivity 221 profiles were used to analyze breast segment representations in two complementary ways: First, we 222 created 'Breast Segment Preference' clusters by aggregating intra-hemispheric voxels according to 223 their preferred breast segment (i.e., stimulation condition that elicited the most selective response, 224 max. d-prime). Subsequently, we computed for each cluster three key features that were submitted to 225 separate repeated-measure RFX ANOVAs: 1) mean cluster size 2) mean selectivity (mean d-prime of 226 "voxel-wise evaluation of a somatotopic organization" in Supplementary Material for details). To this 232 end, we performed regression analysis (linear and nonlinear curve fitting) on the rank-ordered, voxel-233 specific response selectivity profiles in a Breast Segment Preference cluster according to the 234 dermatopic distance from the preferred breast segment. 235
Note that to avoid confounding influences of volumetric differences between hemispheres, 236 analyses were performed on an equal number of S1 voxels per hemisphere. To ensure that our results 237
were not influenced by the specific number of included voxels, we computed the cluster features for 238 the 100, 200, and 500 voxels per hemisphere (per subject) which showed the strongest mean activity to 239 breast stimulation. These three sizes of analyzed volumes were included as factor (small, medium, 240 large) to the ANOVAs, in addition to the factors gender, hemisphere, and breast segment. Since results 241
showed that analyzed voxel size did not interact with any of the other factors, Figure 5 
Data availability 251
The data that support the findings of this study are available from the authors on reasonable request. 
Tactile stimulation of the breast generates extended bilateral activations in somatosensory areas 257
The probabilistic map in Figure 2 shows extensive activation elicited by the sensory stimulation of the 258 right breast. In the postcentral sulcus of both hemispheres, a patch of activity is found on the dorsal 259 portion of the primary somatosensory cortex (S1). The patch is more pronounced in the hemisphere 260 contralateral to stimulation. Furthermore, bilateral secondary somatosensory (S2) activation is found, 261
as well as bilateral activation in the posterior insulae and cingulate cortex. Note that absence of 262 activity in other regions cannot be interpreted, given the restricted functional coverage (i.e., slices 263
were positioned along the somatosensory cortex, see Supplementary Figure S1 ). and secondary somatosensory as well as insular cortex and cingulate cortex. Note that the functional data did not 271 cover frontal or occipital areas (see Supplementary Figure S1 ). C.S. = Central Sulcus 272 273
Distinct neural representations of the nipple and the lateral and medial breast side in S1 274
Results of a random effects (RFX) GLM did not show a significant interaction between the factors 275 breast quadrant/nipple and gender (p = 0.53). After collapsing the quadrants into medial/lateral and 276 upper/lower segments, a significant interaction effect in left S1 between the within-subject factor 277 breast segment medial/lateral/nipple and gender (p = 0.033), as well as for upper/lower/nipple and 278 gender was found (p = 0.030). The subsequent tests on simple effects did not result in any significant 279 differences between the genders when testing the segments separately (medial section p = 0.83, lateral 280 section p = 0.93, upper section p = 0.89, lower section p = 0.97, nipple p = 0.26, see also 281
Supplementary Figure S2) . 282
As can be seen in Figure 3 , when collapsing the medial and lateral quadrants as well as the 283 upper and lower quadrants, respectively, left S1 shows a significant global 284 activation difference between both the medial section and the nipple (mean medial beta = 1.21, mean 285 nipple beta = 1.40, p = 0.002), and also between the medial section and the lateral section (mean 286 lateral beta = 1.34, p = 0.002). The right hemisphere did not show any difference in response between 
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Subsequently, we employed multi-voxel pattern analysis (MVPA) to investigate to what extent 300 the different breast segments (collapsed across male and female participants) elicit different spatial 301 response patterns in S1. As can be seen in Figure 4 , patterns of activity in left S1 allowed for 302 discrimination between 4 out of 6 pairwise combinations of sections/nipple region (lateral vs medial p 303 = 0.002, lateral vs nipple p = 0.02, medial vs nipple p = 0.002, upper vs lower p = 0.35, upper vs 304 nipple p = 0.54, lower vs nipple p = 0.01, FDR-corrected). Right S1 allows for 305 successful discrimination of lower section vs nipple (p = 0.02), medial vs nipple (p = 0.005) and lateral 306 vs nipple (p = 0.004), in spite of this region being ipsilateral to the stimulation site. Complementary 307
Representational Similarity Analyses (RSA) suggested that in both hemispheres, the four quadrants 308 representations in S1 were grouped in a medial and lateral representational structure (Supplementary 309 Figure S3 ). 
Somatotopic overrepresentation of the nipple in bilateral S1 317
To understand the fine-grained substructure within the breast representation, we analyzed the influence 318 of stimulation condition on voxel response selectivity (d-prime) in subject-specific S1 ROIs. For each 319 voxel, we computed the condition-specific d-prime to assess the relative sensory processing preference 320 of the neuronal populations underlying a voxel response. Subsequently, we created 'Breast Segment 321
Preference' clusters by aggregating intra-hemispheric voxels according to their preferred breast 322 segment (i.e., the stimulation condition that elicited the most selective response; max. d-prime) and 323 analyzed their size, selectivity, and activity strength using mixed RFX ANOVAs with gender, 324 hemisphere, stimulation condition, and size of analyzed volumes and as factors. The latter factor was 325 included to assess whether the size of voxel selection affected our results. The selection of a fixed 326 number of voxels in each hemisphere and subject was needed to avoid confounds based on volumetric 327 differences, as the total number of voxels in S1 ROIs did considerably differ between subjects and 328 hemispheres: The total volume of the left S1 (mean = 875 voxels; s.e. = 105) was larger than the right 329 S1 (mean: 508; s.e. = 53; p = 0.004) in both sexes (no effects of gender, all p's > 0.4). Results showed 330 no influence of the number of analyzed voxels in any of the analyses (i.e., all main effects and their 331 factorial interactions: p's > 0.05), except for a main effect on response selectivity (p < 0.0005): overall 332 mean D-prime decreased as more voxels were included in the analyses (small > medium > large, p's < 333 0.05). Moreover, since post-hoc paired t-tests did not show any differences between upper and lower 334 quadrants (p's >0.3), upper and lower quadrants were collapsed per side for post-hoc t-tests examining 335 condition interactions described below. First, we explored whether the different anatomical structure 336 of the nipple and surrounding breast was reflected in the cortical representation. As expected (Figure  337 5, dashed bold connector lines), one-tailed a priori tests revealed that the nipple cluster contained more 338 voxels (left S1 p = 0.005; right S1 p = 0.001) which also showed a higher response selectivity (right 339 S1 p = 0.002, whereas left S1 was borderline significant: p = 0.05) and higher activity (left S1 p = 340 0.005; right S1 p = 0.003) compared to the average quadrant cluster. 
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Results from the RFX ANOVA suggested additional, more intricate influences of nerve 351 supply and hemisphere on the cortical breast segment representations in S1. Cluster size (p < 0.0001), 352 response selectivity (p = 0.002), and activity (p = 0.011) all showed an interaction between condition 353 and hemisphere with similar hemispheric asymmetries ( Figure 5 ). Post-hoc, paired t-tests revealed that 354 for the left S1, the nipple cluster contained more voxels (p = 0.0003), with a higher response 355 selectivity (p = 0.005) and activity (p = 0.010) compared to medial quadrant clusters. Moreover, the 356 lateral clusters were also larger (p = 0.010), more selective (p = 0.004), and tended to be more 357 responsive (p = 0.068), than medial quadrant clusters. In contrast, right S1 showed the opposite 358 pattern: the nipple cluster was larger (p = 0.0002), more selective (p = 0.003) and more responsive (p 359 = 0.001) compared to lateral quadrant clusters. Furthermore, medial clusters were also larger (p = 360 0.001) and more responsive to stimulation (p = 0.02) than lateral quadrant clusters. Except for a higher 361 activity in the nipple compared to medial clusters in right S1 (p = 0.015), none of the other contrasts 362 reached significance. The condition-specific hemispheric asymmetry for cluster size showed a modest 363 effect of gender, as indicated by a three-way interaction between condition, hemisphere, and gender (p 364 = 0.029). However, further tests on this influence of gender did not reveal any differences between 365 males and females (p's > 0.1). The hemispheric asymmetry for cluster activity was also affected by 366 gender (p = 0.002). However, this interaction was not qualified by stimulation condition and posthoc 367 tests did not reveal any further hemispheric differences in activity between sexes (p's > 0.1). 368 369
Gradual selectivity signatures allude to a somatotopic organization of the breast 370
To gain more insights in the representational organization of the different breast segments, we 371 examined the strength of breast segment selectivity across voxel distributions as well as within single 372 voxels. First, we evaluated the selectively distributions in left and right S1 (histograms of binned d-373 prime for each breast segment cluster). Distributions were unimodal (mean = 0.24; s.e. = 0.003; 374 median = 0.23; range = 0.462), skewed right (mean kurtosis = 1.17). Subsequently, we examined 375 whether individual voxels showed a gradual decline in breast segment selectivity for stimulation sites 376 that were further removed from their preferred breast segment, indicative of a somatotopic mapping of 377 the breast in S1. Since the lower and upper quadrant cluster of the same breast side were highly 378 similar, upper and lower quadrants were collapsed per side. Figure 6 shows that the gradual selectivity 379 of individual voxels within a cluster is indeed proportional to the distance between the targeted and the 380 preferred stimulation location in the sensory stimulation field. However, the shape of this function 381 differs between hemispheres for the lateral and medial clusters. Additional linear regression analyses 382 showed that for the lateral clusters the decline in selectivity with increasing distance could be 383 adequately estimated with an inverse function in left S1 (R 2 = 0.99; p = 0.005), but not in right S1 (p = 384 0.1). In stark contrast, for medial clusters only such a relation between selectivity and distance was 385 revealed for right S1 (R 2 = 0.97; p = 0.016), but not for left S1 (p's > 0.08). Further exploration of 386 curve fit models (linear, logarithmic, quadratic) did not provide more adequately fitting models than 387 the inverse function. 
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between the preferred quadrant (0) and the adjacent quadrant belonging to the same (1) or different (2) type of 393 nerve branch, and between preferred quadrant and the diametric quadrant (3). Selectivity of the lateral clusters in 394 left S1 (***R 2 > 0.99; p = 0.0005) and medial clusters (**R 2 > 0.97; p < 0.02) in right S1 fitted an inverse 395 function. In stark contrast, medial clusters in left S1 and lateral clusters in right S1 were not adequately fitted by passes the thalamus before it is projected to S1. However, the left and right part of the thalamus are 429 connected by the so-called adhaesio interthalamica or massa intermedia, of which the exact function is 430 still not fully understood. We speculate that part of the sensory input generated by stimulation of the 431 breast crosses through this structure and is projected to the ipsilateral S1 area. Future studies could 432 further investigate this interesting hypothesis by mapping subcortical ascending trajectories and 433 including bilateral breast stimulation conditions. 434 However, the hypothesis is supported by the converging results of the multivariate (MVPA 435 and RSA) and the response selectivity analyses. All findings pointed to an organization of the bilateral 436 S1 breast area based on distinct representations of the medial and lateral nerve pathways, in which the 437 upper and lower part of the breast are integrated. Moreover, the ipsilateral S1 activation patterns 438 contain sufficient information to successful decode lateral and medial breast representations activated 439 after unilateral stimulation. This is in line with object processing in visual cortex, where the ipsilateral 440 hemisphere conveys information on not only unilateral visual objects in the left visual hemifield, but 441 also for unilateral objects in the right visual hemifield (Reithler et al., 2017) . 442
The high density of sensory receptors in the nipple was reflected by a cortically distinct S1 443 representation compared to the surrounding breast segments. The nipple representation was larger 444 ( Figure 5a ), and showed both a higher response selectivity (Figure 5b ) as well as responsivity (i.e., 445 higher mean activity in response to stimulation) than the average breast quadrant. The increased 446 selectivity for a magnified nipple representation is in line with the well-established observation of 447 restricted receptive field sizes for magnified body representations (Sur, 1980) . Interestingly, this 448 dominant representation of the nipple was observed in left as well as right S1, in line with our other 449 observations that the ipsilateral breast representation contained information on distinct breast segment. 450
Further analyses revealed that this information was more intricate than merely a difference between 451 nipple and surroundings as both hemispheres contained nerve-specific representations with an 452 interesting lateralization. In contrast to the nipple, the lateral and medial side of the breast were 453 differently represented in left and right S1( Figure 5 ). For the left S1, the nipple and lateral quadrants 454
